The growth and buoyant densities of two closely related strains of Escherichia coli in M9-glucose medium that was diluted to produce osmolarities that varied from as low as 5 to 500 mosM were monitored. At 15 mosM, the lowest osmolarity at which buoyant density could be measured reproducibly in Percoll gradients, both ML3 and ML308 had a buoyant density of about 1.079 g/ml. As the osmolarity of the medium was increased, the buoyant density also increased linearly up to about 125 mosM, at which the buoyant density was 1.089 g/ml. From 150 up to 500 mosM, the buoyant density again increased linearly but with a different slope from that seen at the lower osmolarities. The buoyant density at 150 mosM was about 1.091 g/ml, and at 500 mosM it was 1.101 g/ml. Both strains of E. coli could be grown in M9 medium diluted 1:1 with water, with an osmolarity of 120 mosM, but neither strain grew in 1:2-diluted M9 if the cells were pregrown in undiluted M9. (Note: undiluted M9 as prepared here has an osmolarity of about 250 mosM.) However, if the cells were pregrown in 30% M9, about 75 mosM, they would then grow in M9 at 45 mosM and above but not below 40 mosM. To determine which constituent of M9 medium was being diluted to such a low level that it inhibited growth, diluted M9 was prepared with each constituent added back singly. From this study, it was determined that both Ca 2؉ and Mg 2؉ could stimulate growth below 40 mosM. With Ca 2؉ -and Mg 2؉ -supplemented diluted M9 and cells pregrown in 75 mosM M9, it was possible to grow ML308 in 15 mosM M9. Strain ML3 would only haltingly grow at 15 mosM. Four attempts were made to grow both ML3 and ML308 at 5 mosM. In three of the experiments, ML308 grew, while strain ML3 grew in one experiment. While our experiments were designed to effect variations in medium osmolarity by using NaCl as an osmotic agent, osmolarity and salinity were changed concurrently. Therefore, from this study, we believe that E. coli might be defined as a euryhalinic and/or euryosmotic bacterium because of its ability to grow in a wide range of salinities and osmolarities.
Interest in osmotic regulation of bacteria has had a long and colorful history. Early works of Mitchell (for his review of this early work, see reference 14) led to important discoveries. More recently, interest has been centered more on the physiology of osmotic regulation than the energetics (for a review of more recent work, see reference 8). Epstein and Schultz (10) were able to prove that K ϩ and the counterion glutamate Ϫ played a major role in cytoplasmic osmotic regulation in media of 500 mosM and below (also see a review by Epstein [9] ), while the work of Cayley et al. (5, 6) and others (13) has shown that in Escherichia coli betaine and/or proline seems to function as an osmoprotectant for cell growth at higher osmolarities. Some years ago, it was found that the buoyant density of the bacterial cell appeared to be closely related to the osmolarity of the growth medium (2) . In those studies, Luria-Bertani medium (LB) supplemented with NaCl was used and most of the measurements were made at 500 mosM and above. We began this study to determine the buoyant density of cells grown in a more defined growth medium, M9, and to carefully measure the buoyant density of E. coli grown at very low osmolarities as well as higher osmolarities, up to 500 mosM. In the course of these studies, we became interested in determin-ing the lowest osmolarity that could sustain growth of E. coli ML3 and ML308.
Two strains of E. coli were used in this study. They were ML3 (ATCC 15223), which is inducible for ␤-galactosidase and negative for ␤-galactoside permease and galactoside transacetylase (i ϩ z ϩ y Ϫ ), and ML308 (ATCC 15224), which is constitutive for ␤-galactosidase, ␤-galactoside permease, and galactoside transacetylase (i Ϫ z ϩ y ϩ ). These strains were selected because they are not K-12 strains that have not been genetically altered significantly and might represent nearly wild-type E. coli yet still be easily recognized laboratory strains. To compare growth and buoyant density in low-osmolarity medium, we chose two closely related strains with only slight genetic differences that, at least on the surface, should not be important. Cells were grown in M9 medium with glucose as described by Clowes and Hayes (7) . Briefly, the medium contained Na 2 HPO 4 (6 g/liter), KH 2 PO 4 (3 g/liter), NaCl (0.5 g/liter), NH 4 Cl (1 g/liter), glucose (0.4%), 10 Ϫ3 M MgCl 2 , and 10 Ϫ4 M CaCl 2 . The last three compounds are added separately after sterilization. In this medium, MgCl 2 has an osmolarity of about 2 mosM and CaCl 2 has an osmolarity of about 0.2 mosM. M9-glucose medium that was diluted to Ͻ40 mosM would allow growth only if MgCl 2 and CaCl 2 were added back to their original concentration. This addition was recalculated to determine the final osmolarity. Therefore, 5 mosM M9 has nearly 50% of its osmolarity as MgCl 2 and CaCl 2 salts (2.2 mosM in 5 mosM medium). For overnight cultures, M9-glucose was diluted 1:1 (50% M9-glucose, 50% distilled water) or 3:10 (30% M9-glucose, 70% distilled water). The morning of the experiment, 1 loop of the overnight culture was inoculated into the appropriate-osmolarity medium. For example, if a 500 mosM medium was needed, 3 ml of M9-glucose was added to 1.7 ml of 1.4 M NaCl and 5.3 ml of distilled H 2 O. [(3 ml ϫ 250 mosM) ϩ (1.7 ml ϫ 2,800 mosM) ϩ (5.3 ml ϫ 0 mosM) ϭ x/10 ml.] This calculates to 551 mosM but measures 500 mosM on the osmometer. Osmolarity was confirmed with a Wescor 5500 vapor pressure osmometer as described previously (1) . All solutions that were Ͼ100 mosM were measured by osmometer, with Ϯ2.5% error. All solutions that were Ͻ100 mosM were made by dilution of solutions which were more than 100 mosM. This was done because of nonlinear osmometer readings below 100 mosM. All growth was at 37ЊC on a rotary shaker with a minimum speed of 150 rpm to ensure aeration. Growth was monitored by measuring optical density at 540 nm with a Spectronic 20 (tubes, 13 by 100 mm). Only cells in exponential, balanced growth were used in these studies.
Gradients and centrifugation were done as previously outlined (12) . Gradients were made of Percoll (Pharmacia), and NaCl was added to the Percoll solutions so that density gradients were isoosmotic with the growth medium. Gradients were made with a two-chambered gradient maker and were linear. Linearity of gradients of various osmolarities was examined by two independent methods. First, various gradients were examined by measuring the refractive index at measured depths in the gradients by procedures outlined elsewhere (1) . Second, various other gradients were examined by mixing measured volumes of an oil with a density of 1.066 g/ml with measured volumes of an oil with a density of 1.118 g/ml to produce oils of various densities. These oils were then used to determine the linearity of gradients. All the gradients tested were linear, with only a slight deviation from linearity near the bottom of some gradients at densities higher than we have observed for cells.
To determine the buoyant density of the cells, 1 drop of an oil with a density of 1.118 g/ml was layered onto a preformed Percoll gradient and the mixture was centrifuged to equilibrium. Next, 0.5 ml of an exponentially growing culture was layered onto the gradient and the mixture was again centrifuged to equilibrium. Finally, 1 drop of an oil with a density of 1.066 g/ml was layered onto the gradient and the mixture was centrifuged to equilibrium. This gradient was then suspended in a beaker of water with a photodiode (United Detector Technology PIN-3D) cell cemented to the side of the beaker. The photodiode was connected to an amplifier (United Detector Technology model 101C transimpedance amplifier) and finally to a volt meter (Beckman industrial model 320). A laser (Spectra Physics model 132) was shone through the beaker, water, and gradient and was aligned to miss the photodiode as narrowly as possible, probably by about 5Њ. The gradient tube was suspended from vernier calipers with modeling clay. The tube was lowered into the beaker, and the distances to the top and bottom of the light and heavy oils were measured with the calipers and the laser. The tube was then scanned with the laser, and the cell band could be located by low-angle light scattering. Empirically, measurements of 0.2 V or greater on the volt meter were taken to indicate cells. The background reading with this setup was about 0.14 V. The entire assembly was aligned on a light bench. By simple calculations, the mean distance between the light and heavy oil drops was determined, as well as the mean distance of the cell band. By using linear interpolation, the buoyant density was determined. These calculations were done by a spreadsheet program.
Both growth and buoyant density of E. coli were measured at various osmolarities.
Growth. To begin the growth study, we investigated the lowest osmolarity at which ML3 and ML308 would grow if pregrown in a 1:1 dilution of M9 medium (osmolarity of 120 mosM). Both strains would grow above 62 mosM but not below 55 mosM. We tested whether, if the concentration of the overnight culture was more dilute, the cells would be able to grow at lower osmolarities the following day. After overnight growth in 75 mosM M9, both strains could grow at 45 mosM and above but not below 40 mosM.
This result might indicate that the cells were lacking some important single constituent of the medium. Each ingredient of M9 medium was made individually and added back to the medium diluted below 40 mosM. When either CaCl 2 or MgSO 4 was added back at the concentration found in fullstrength M9 (2 and 0.2 mosM, respectively), both strains could grow below 40 mosM. It should be noted that with added Ca 2ϩ strain ML308 grew better than ML3. In the next series of experiments, both Ca 2ϩ and Mg 2ϩ salts were added and the cells were grown overnight in 75 mosM M9. With these conditions, both strains grew well at 30 mosM with Ca 2ϩ and Mg 2ϩ salts replenished. Also, both strains grew at 15 mosM (again, ML308 grew better than ML3). In the final series of experiments, a 5 mosM M9 medium was made (with Mg 2ϩ and Ca 2ϩ salts readded). Four separate tests were conducted. In three of the four tests ML308 grew, and in one of the four tests ML3 grew. Since Percoll has an osmolarity of 15 mosM, then any cell grown below 15 mosM would be exposed to an osmotic shock when placed in a Percoll gradient. No further experiments were done below 5 mosM.
Density. The buoyant densities for cultures grown at osmolarities ranging from 15 to 500 mosM were determined. All of these determinations were made with M9 medium diluted 3:10. NaCl or water was added to this 3:10-diluted M9 to produce the appropriate osmolarity, and all the cultures were inoculated with 1 loop of a 75 mosM M9 overnight culture. Growth was monitored by optical density, and cells were harvested at an optical density of about 0.1. All cells were in exponential growth. Figure 1 points.) Two points should be made about this graph. First, it appears that reproducibility of culture buoyant density is not as good at 125 mosM and below as it is above 150 mosM. Second, we seem to be measuring a biphasic response. One phase of the response is seen from 15 to 125 mosM, while the second phase is seen from 150 through 500 mosM. At even higher osmolarities, there seems to be a third phase (2) .
From these experiments, we can conclude that both ML3 and ML308 can grow at very low osmolarities, provided that adequate Ca 2ϩ and Mg 2ϩ salts are present, and we can conclude that the other components of M9 can be greatly diluted. These divalent cations may play a role in lipopolysaccharide binding to E. coli at these low osmolarities (3) . The lowest osmolarity that we tested that allowed growth was 5 mosM. However, growth was not ensured at these low osmolarities, as ML3 grew in only one of four attempts and ML308 grew in three of four attempts. This growth was not an artifact, since the cells grew to an optical density of about 0.1 from a loop inoculum taken from a 75 mosM liquid culture and placed in a 10-ml culture, and the cells grown under these conditions gave appropriate responses on X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) or eosin-methylene blue plates.
When the buoyant densities of cells grown at osmolarities ranging from 15 to 500 mosM were measured, an interesting biphasic pattern was observed. It appears to us that buoyant density is determined by two different mechanisms. One mechanism functioned from very low osmolarities (possible from 15 mosM) up to 125 or 150 mosM, while a separate mechanism operated from 150 mosM and up (500 mosM was the maximum measured here). The first mechanism may be the cell's buoyant density response to membrane-derived oligosaccharide synthesis, since membrane-derived oligosaccharides are known to be synthesized at low osmolarities (11) . The secondphase response is probably the buoyant density response to increased accumulation of K ϩ and glutmate Ϫ . The third-phase response seen previously (2) may be the proline-betaine response. We come to this conclusion after showing that the accumulation of proline can dramatically alter the buoyant density of Salmonella typhimurium (1) at higher osmolarities. We believe that buoyant density is a measure of total cell hydration, with hydration being roughly the reciprocal of me-dium osmolarity. Brock and Madigan (4) discuss water activity and the growth of microorganisms. They show that Caulobacter and Spirillum spp. can grow at a water activity of 1.000. By our calculations, ML308 in this study grows at a water activity of 0.99995, while in previous studies E. coli grew at much higher osmolarities (2) . From these observations, we propose that E. coli might be classified as a euryhalinic and/or euryosmotic organism.
